Argillic alteration is recognized in association with uranium deposits on the Colorado Plateau and along border areas. Alteration and mineralization are geometrically related in sedimentary strata where solution conduits result from lithologic and structural changes. The association also exists in collapse features and in breccia pipes. Occasional diatremes bearing uranium point to hypogene 'solution activity following igneous invasion as one original source for uranium ions. In several places ascending fluids apparently were confined under sufficient pressure to blast consolidated strata into vertical chimneys of brecciated masses. Pipes and fracture systems which transect porous strata provide paths along which hypogene solutions may ascend from depth and migrate horizontally. Alteration may extend both vertically and horizontally, encircling such areas.
INTRODUCTION
HOST rock alteration on the Colorado Plateau and along border areas indicates that the uranium mineralization and alteration are related to the same genetic process. Data have been assembled from a sequence of laboratory and field observations combined with selected examples from 111 If2 TWELFTH NATIONAL CONFERENCE ON CLAYS AND CLAY MINERALS published accounts, in order to interpret the stages involved and their relation to uranium emplacement.
Wall rock alteration in igneous country rock exhibits much similarity, whether associated with "base metal" veins or vein-type uranium deposits. Alteration zones occur in distinctive bands enveloping the mineral deposits.
Wall rock alteration effects in sedimentary strata associated with plateau uranium deposits also involve significant mineral changes, but these are ordinarily less intensively developed and more difficult to recognize. Mineral changes in strata often occur as massive solution and replacement of matrix materials of sandstones, with occasional corrosion of detrital grains and their replacement by different minerals, and as substitution and leaching in fine layer silicates. In sedimentary strata, the initial mineral content, the diversification of sedimentary rock types, and the range in geochemical environments greatly affect the location of mineral deposition and host rock alteration.
In contrast, igneous terrain is characterized by greater homogeneity of chemical composition and texture. Mineral emplacement in igneous country rock involves a sequence of intrusive events, with argiUization usually culminating toward the end of the sequence. These alteration effects are ordinarily more intensive because the mineralizing solutions have higher temperatures, pressures and greater concentrations as a consequence of a closer relation to intrusives.
In sedimentary strata of the Plateau, solution activity is more remote from igneous sources, and often occurs in porous strata which are conducive to extensive migration and possible attenuation with ground water. Similariy, the distinction between supergene and hypogene alteration effects is more of a problem in sedimentary strata.
Although the Colorado Plateau is largely an area of sedimentary strata, it is intruded by numerous features, and many that are closely related. These include intrusive stocks, laccoliths, basaltic plugs, cinder cones, dikes, sills, diatremes, breccia pipes, collapse features and silica plugs. The relation of alteration and uranium emplacement to these features has long been a problem. An encircling distribution of uranium deposits with respect to several igneous centers may be observed: (1) in New Mexico, the Ambrosia Lake uranium deposits occur to the west of the Mt. Taylor volcanic center and the Jackpile deposits to the east; (2) in Arizona, the Orphan deposit lies northwest of the San Francisco volcanic center, and the Cameron ore bodies to the northeast; (3) in Utah, arcuate uranium belts occur in Lisbon Valley to the west of the La Sal igneous center, and in Colorado, the Uravan district encircles the center on the east. Distribution suggests that the original source of uranium may be related to these centers. Uranium ions possibly migrated in hydrothermal solutions also responsible for wall rock alteration. However, intervening ground water effects are also significant.
WALL ROCK ALTERATION IN VEIN-TYPE DEPOSITS
Uranium-bearing veins in igneous wall rocks provide excellent examples of argillic alteration associated with mineralization. Several examples will be selected from a goodly number of occurrences to illustrate the character of the alteration.
Uranium-bearing vein-type deposits are found at intervals along a horseshoe-shaped belt which encircles the Colorado Plateau. On the northeast are the Black Hills, on the east the Colorado Front Range area; an arc of scattered occurrences lies along the southern margin of the Plateau in New Mexico and Arizona, and a west prong extends northward through Marysvale, Utah, into Idaho. Related deposits occur in the Boulder batkolith in Montana, the Coeur d'Atene, and in eastern Washington. In exceptional instances, veins are also found within the Plateau area. The vein deposits have been classified (Heinrich, 1958) as mesothermal and epithermal, that is, deposited at intermediate or shallow depths, respectively, by ascending solutions. The uranium veins may be distinguished by their vertical nature, by the minerals they contain, the textures, and the nature of the wall rock alteration. In contrast, the Plateau is characterized by disseminated uranium deposits in stratified rocks.
Vein type deposits in general exhibit a consistent alteration pattern in terms of the relative stability of primary minerals in the wall rock, the alteration products, the time sequence of alteration phases, and the accompanying chemical changes.
Caribou Mine, Boulder County, Colorado
Among the Front Range veins, the alteration of tke Caribou deposit has been described in detail by Wright 0954, p.129 to 4 ft thick surrounds a vein of uraninite-bearing sulfide ore in a quartz monzonite stock near Nederland, Colorado. The primary minerals of the host rock are orthoclase and andesine (65-75 per cent of the rock), augite and biotite (20-25 per cent), rare hornblende, apatite, sphene, and pyroxene. Wright (1984, p.140) recognized five main types of alteration in distinct zones bordering the vein.
In the strongest zone of alteration (Wright, 1954, p.137) , some traces of biotite, orthoclase, and apatite remain from the primary mineral assemblage. Here biotite appears largely altered to muscovite, although the crystallographic orientation of the original crystal is preserved. Abundant sericite (25 per cent) forms after orthoclase, and lesser amounts of montmorillonite (5 per cent) and kaolinite (10 per cent). Quartz, calcite, and siderite are abundant and fill fractures, although quartz veinlets cutting and displacing carbonates indicate that silicification is the last event.
In the intermediate argillic zone (Wright, 1954, p.137) , plagioclase feldspar is completely altered to montmorillonite (35 per cent) with kaolinite (10 per cent). Primary orthoclase is partially altered, biotite displays some alteration to sericite (5 per cent), and all minerals are veined by calcite and quartz.
In the least altered zone (Wright, 1954, p.136) , all of the primary minerals occur, although the least stable members, augite, hornblende and biotite, show incipient alteration. Calcite, pyrite, chlorite and epidote replace augite; interlaminated chlorite and pyrite replace biotite.
A discontinuous fractured zone with intense alteration occurs in places between the argillized zone and the slightly altered rock. The zone is considered anomalous (Wright, 1954, p. 140) , and tile predominant sericitization is believed caused by solution localized activity which moved upward along fractures.
The principal chemical changes during alteration moved progressively from fresh rock towards the vein (Wright, 1954, p.171) and may be summarized as: (1) the leaching of CaO and Na,O; (2) an increase in K*O near the vein, where it became fixed in sericite; (3) a general increase in Si02 near the vein; and (4) little change in MgO and AI,Oa. On the basis of iron oxide analyses. Wright (1954, p.145) postulates reducing conditions along the vein.
Central City District, Gilpin County, Colorado
The Central City district in the heart of the Front Range lies in an area of complex Precambrian intrnsives and metasediments, biotite gneisses and quartz monzonite gneiss, all intruded by Tertiary monzonite, bostonite dikes and stocks (Lovering and Goddard, 1950) . A complex fracture system developed from two periods of faulting preceding and following Tertiary intrusives. The veins were mineralized by an early pyrite and later basemetal sulfide stage (Tooker, 1956, p:350) , with composite ores formed by reopening of pyrite veins and the precipitation of galena and sphalerite. Uraninite occurs in the early, late and composite vein types, but especially in the latter two. Grandodiorite, biotite-muscovite granite, and biotitequartz-plagioclase gneiss wall rock exhibit similar alteration (Tooker, 1956, p.351) .
Near the veins, the wall rock is silicified, sericitized or pyritized, depending on the nature of the adjacent vein, and original rock textures are destroyed. Along the vein, cryptocrystalline quartz is introduced along shears.
In the moderately altered zone, argfllization predominates; the rock is bleached and softened, and primary textures may or may not be preserved. Although the stability ranges of the clay minerals overlap, three subzones may be distinguished: (1) iIlitic and sericitic in more intensely altered areas; (2) kaolinitic, mixed with illite and montmorillonite; and (3) montmorillonitic. Hard wall rock with preserved textures characterized the weakly altered zone. Here, alteration of plagioclase ranges from incipient to total replacement by montmorillonite.
Incipient alteration occurs as the formation of montmorillonite along cleavage, twin planes, and crystal edges; and effects plagioclase, the least stable mineral (Tooker, 1956, p.353) . Orthoclase and microcline appear to be more stable, but are destroyed near the vein. Biotite occurs partially unaltered in the clay zone, but changes to secondary chlorite, sericite-like aggregates, as well as kaolinite.
The chemical changes are similar to those observed at Caribou: (1) sodium and calcium decrease toward the vein; (2) potassium increases; (3) silica decreases in the clay zone, but increases near the vein with silification and sericitization; (4) magnesium shows little change; and (5) aluminum increases in the clay zone and drops off near the vein.
Los Ochos Mine, Saguache County, Colorado
The Los Ochos uraninite deposit occurs along a steeply dipping shear zone which follows an unconformable contact between Morrison Sandstone and Precambrian granite. The shear zone intersects the Los Ochos fault, and the two fractures form a triangular-shaped ore body. Intense hydrothermal alteration exists (Dersay, 1956, p.140) , with silicification and kaolinization of the vein and wall rocks, accompanied by sericite, illite, montmorillonite, and chlorite. On the basis of laboratory and field observations, Dersay (1956, p.140) described the sequence of events as: (1) sflicification, (2) repeated fracturing and introduction of marcasite, with alunite accompanying sulfide mineralization, (3) introduction of pitchblende, and (4) formation of kaolinite as fracture fillings.
Marysvale, Piute County, Utah
Some of the most interesting uranium-bearing vein deposits in the United States are found near Marysvale, Utah, art area where vein-type ores are distinctly related to igneous activity . The mining area lies in igneous terrain where the rocks exposed are of post-Oligocene Tertiary Bullion Canyon volcanics, Miocene quartz monzonite intrusives, and Pliocene Mount Belknap rhyolite.
Two main periods of hydrothermal alteration have occurred in tke area. An earlier alteration period occurred in the Bullion Canyon volcanics, which was characterized by (1) a massive development of alunite, kaolinite, and dickite in tufts and flow breccias; and (2) a montmorillonite-illitequartz suite in restricted bands, along prominent fractures. The later period of hydrothermal alteration affected the quartz monzonite intrusives and Mount Belknap rhyolite, the rocks which enclose many uraniumbearing structures. Heavy alteration of the Mount Belknap flows occurs in pockets above veins with the development of montmorillonite, adularia, and quartz. Alteration associated with the intrusives involves chlorization, sericitization, argillization, silification, and the introduction of fluorite, tourmaline, and pyrite.
Detailed alteration studies at Marysvale indicate that in progressing through each alteration stage from the vein to the wall rock, altering solutions became less acidic and were even alkaline at the limit of penetration (Kerr et al., 1957, p.135) . It is suggested that acidic solutions from a source deep in the crust migrated upward, reacted with wall rock, and became less and less acid, eventually alkaline, with a continual rise to the surface. Each successive solution invasion remained acid just a little longer. Thus, deep in the conduit, at high temperature and high pressure and low pH, sericitic and argillic alteration dominated; and farther upward, at lower temperature and lower pressure and increased pH, alteration changed and progressed to alunite, zeolite, and calcite phases.
Lone Eagle Mine, Boulder Batholith, Montana
Relatively small uranium showings have been found in the hydrothermal veins of the Boulder batholith of western Montana. The Lone Eagle mine is one example. Lead, silver, zinc, and gold mineralization follows faults which cut the quartz monzonite and granodiorite. The wall rock of these "base metal" veins is intensely silicified and sericitized (Becraft, 1956, p. 117) . At the Lone Eagle mine, deposition of coarse grained quartz and sulfides was followed by brecciation, and then mineralization by microcrystalline quartz, pitchblende, and sulfides. Sericite, kaolinite, montmorillonite, chlorite, quartz, cacilte, siderite, and pyrite occur in an alteration halo, extending up to 30 ft from the vein (Wright and Shulhof, 1957, p.llS) . The alteration mineral assemblage is similar to that found in the uraninm-bearing "siliceous reef" veins in the Boulder batholith (Wright and Bieler, 1960, p.57) . Wright and Shulhof (1957, p.122) considered textural distinctions diagnostic in recognizing hydrothermally introduced quartz, characterized by pronounced fine grain size, and occurring as overgrowths and aggregates coated by clay minerals. The primary quartz appears coarse grained and frequently is fractured and resorbed.
HOST ROCK ALTERATION IN STRATIFORM DEPOSITS
The recognition of alteration in sedimentary strata must be preceded by identification of the original mineral constituents. This involves the clay mineral assemblages in the matrices of sandstones, siltstones, and shales; the initial detrital minerals; and the cement precipitates. Textural data derived from thin section study, identification and semi-quantitative data from X-ray diffraction, and chemical analysis assist in the distinction between original clay minerals and alteration products. Field observations regarding the distribution of alteration minerals, and occurrence with respect to a solution conduit, further aid in the distinction from depositional, diagenetic, or supergene mineralizing processes. Selected examples will be given to indicate the nature and significance of alteration features in connection with the occurrence of uranium in Plateau strata. Effects attributed to related argilhc alteration, carbonatization and silicification will be summarized.
Argillie Alteration
Associated with geologic structures.--The Cane Creek-Lisbon ValleyDolores anticlinal alignment ( Fig. 1 after Jacobs, 1963, Part IV, Fig. 1) constitutes the longest of the northwest trending salt anticlines in the Paradox Basin. The faulted Lisbon Valley and Cane Creek structures are mineralized with uranium, copper, and hardened asphalt which migrated from petroliferous accumulations at depth. Bleaching and alteration associated with mineralization in the fractured Cane Creek area and along the Lisbon Valley fault near Moab, Utah, are of special interest.
Kaolinizatiin, silicification, bleaching, and copper mineralization may be observed along the Lisbon Valley fault zone; a major dislocation with a maximum of 4000 ft of stratigraphic displacement. Abundant kaolinite is found in altered Ckinle strata near the fault and extending 50 to 300 ft away. In contrast, normal Ckinle Shale found elsewhere along the anticline exhibits a suite which includes illite, chlorite, montmorillonite, and mixedlayer illite-montmorillonite. Veinlets of dickite, ordinarily a higher temperature kaolin mineral, occur in the zone of shear, accompanied by tiny veinlets of pyrite and globules of indurated asphalt. Silicification has changed porous Burro Canyon Sandstone to quartzite, which extends 50 or more feet away from the fault on the hanging wall side. An arcuate belt of uranium deposits occurs around tile western uptkrown anticlinal limb, and continues to within a few inches of the major fault zone. Evidence that rising heated mineralizing solutions were active along the fault zone (Jacobs and Kerr, 1963) suggests a hydrothermal source for the uranium of these deposits. The Cane Creek uranium area provides a well-exposed plateau locality for the observation of uranium deposition along vertical faults in sedimentary strata. Faults, which dislocate Permian, Jurassic and Triassic formations, are mineralized with uraninite, oxidized uranium minerals and hardened asphalt. Wall rock bleaching borders the faults, and extends outward a considerable distance along porous strata. Preliminary observations identify the clay minerals of the argillic alteration zones as characteristic of zones of hydrothermal alteration.
Kaolinite and hydrous mica clay appear common to fault zones along the Cane Creek-Lisbon Valley alignment. X-ray diffraction patterns of clay minerals (in preferred orientation) collected from (a, b) Permian Thin section study reveals that feldspar and biotite are most susceptible to alteration. The major source of kaolinite is altered feldspar grains which appear in all stages of alteration in Permian Cutler strata, both bleached and unbleached. Dolomite and calcite occur as secondary cements, and calcite frequently replaces green biotite with strong absorption. Biotite flakes are also replaced by a matted clay aggregate with high birefringence (hydrous mica with interstratified layers), and occasionally are altered to a clay of low birefringence, identified as kaolinite.
The alteration clay distribution in fault zones on the Cane Creek and Lisbon Valley structures results from alteration of feldspathic and micaceous minerals. Solution activity is evident along nearly vertical fractures and in nearby porous strata, and suggests a motivating hydrothermal source, possible an aftermath of igneous intrusions known to penetrate the Plateau sediments. Mineralogical data suggests contemporaneous postCretaceous mineralization of uranium and copper at Cane Creek and Lisbon Valley and give further evidence of hydrothermal solutions.
At Temple Mountain, Utah, on the San Rafael Swell, collapse features provided channels for the migration of heated mineralizing solutions. The Temple Mountain collapse is about 500 ft wide by 2000 ft long with about 300 ft of subsidence (Keys and White, 1950, p.285) . Studies of the orebearing Moss Back Member of the Ckinle give evidence of a spatial relationship between ore and argillic alteration Kerr, 1957, p. 1115; 1958, p.745) . Unaltered Chinle contains interstitial "salt and pepper" kaolinite with 1Md and 1M mica polymorphs. Near collapse features and ore zones, kaolinite and illite are common, tile 2M 1 mica polymorph is introduced and becomes abundant, and aggregate birefringence increases. The transition of 1M to 2M 1 mica polymorphs occurs between 200 ~ and 350~ (Yoder and Eugster, 1955) . Vermicular forms of kaolinite are found in and near collapse features.
At Temple Mountain chrome mica clay occurs along fractures of the collapsed areas, and in veinlets along bedding planes nearby (Kerr and Hamilton, 1958) . The green clay is believed to be an alteration product formed by ascending chromium-bearing solutions, presumably heated. The mica clay consists of mixed 2M1 and 1M mica polymorphs and contains 0.4 to 0.6 per cent Cry.Or Near the Cameron uranium area, Arizona, eight collapse features, ranging from 100 ft to almost a mile in diameter, are known (Barrington and Kerr, 1963) . Argillic alteration and uranium mineralization are associated with several of the depressed central areas. In the most intensely disturbed zones of the collapses, 1Md and 1M mica polymorphs form at the expense of the original sedimentary kaolinite.
A breccia pipe occurs at Black Peak, 30 miles north of Cameron, and appears to have formed from the turbulent action of rising steam in a final phase of associated igneous activity. Hydrothermal activity is identified by (1) introduced silica in minute acicular crystals of quartz on detrital quartz grains in the wall of the pipe, (2) rock fragments identified as carried up from underlying stratigraphic units, (3) microcline feldspar and kaolinite in the adjacent Navajo Formation altered to illite, and (4) a nearby monchiquite dike almost completely altered to 14.6A montmoriUonite (Barrington and Kerr, 1961) . Scintillometer surveys on Black Peak indicate very minor amounts of radioactive material, but the area presents a good example of hydrothermal activity. Another example is found in silica plugs, appearing as cones rising up to 75 ft above surrounding strata, near the elbow of the Little Colorado River, northwest of the Cameron uranium district (Barrington and Kerr, 1963) . It is suggested the plugs formed from the deposition of silica from hydrothermal solutions rising along vertical channels or pipe-like conduits. Alteration associated with the plugs has produced illite from kaolinite in the surrounding sediments.
Associated with major ore-bearing strata.--Although uranium deposits have been found in many formations in the southern Plateau, most significant production has been obtained from members of the Triassic, Chinle, and Jurassic Todilto, Entrada and Morrison Formations (Fischer, 1956, p.143) . Alteration accompanying uranium mineralization in the Chinle involves bleaching, argillic alteration, carbonatization and silicification (Abdel-Gawad and Kerr, 1963, p.23) . In places solutions associated with uranium mineralization transformed montmorillonite from mixedlayer clay into mica clay. This argillic alteration is accompanied by a predominance of 2M x over 1M mica clay (Abdel-Gawad and Kerr, 1963, p.44) .
In the Lisbon Valley uranium area a consistent light green argillaceous shale at the base of the Chinle is widely found in the mine workings. It generally contains chlorite, illite, and mixed-layer illite-montmorillonite, although X-ray diffraction studies indicate that illite increases and becomes vanadium-bearing with proximity to ore (Jacobs, 1963, pp.123-125) . In a chemical study of clays associated with uranium deposits, Foster (1959) found vanadium increased and alumina and silica decreased. In mineral composition the samples were mixtures of mica, interlayered mica-montmorillonite, chlorite and quartz, and vanadium was present in all the layer silicate phases. (Foster 1959, p. 122) concluded that vanadium-bearing clays formed when some of the octahedral aluminum was replaced by vanadium and necessary charge adjustments occurred in the tetrahedral layer. Hathaway (1956) studied claylike silicates from zones of vanadium mineralization in the sandstone-type Plateau deposits, and found they differ from roscoelite (vanadium mica) in two ways: (1) by intermixing of mica layers with montmorillonite, and (2) by variation in octahedral substitution of vanadium for alumina.
Chemical analysis of the clay-size fraction of ChiMe ore sandstone from Mi Vida mine, Lisbon Valley ( Table 1 ), indicates that there is a notable quantity of trivalent vanadium, that all the iron is present in a divalent state, that the alumina content is notably decreased relative to other Lisbon Valley clays analyzed (Jacobs, 1963, pp,124-125) . This vanadiumbearing clay is similar to the least oxidized mineralized clay examined by Foster (1959) from the Mineral Joe and Virgin mines, Colorado.
The altering of expanded layers of the interstratified clay may be explained by substitution effects. The 14• layers .become illitic (or 10A), and vanadium-bearing by losing interlayer cations and water for potassium, and exchanging octahedral alumina for incoming vanadium.
Studies of the Morrison sandstone from the Ambrosia mining district, north of Grants, New Mexico, reveal alteration in the host rocks of the uranium deposits (Austin, 1963, p.38) . Kaolinite "nests" which enclose many detrital grains, not replacing feldspar grains in situ, indicate silica and alumina from dissolved feldspar were transported short distances and deposited as kaolinite. Much less commonly, kaolinite replaces feldspar grains. Authigenic chlorite coats detrital grains, and secondary quartz forms overgrowths on detrital quartz grains. Hollow shells resulting from the partial solution of detrital sanidine occur as unusual alteration features. Some shells are completely empty, and others contain authigenic pyrite, anatase, calcite, or secondary uranium minerals. Most enclose needle-like remnants of original sanidine.
Increased kaolinization in the Shinarump and Moss Back Members of the ChiMe Formation in sandstones associated with ore has been observed by Cadigan (1955) . The sandstones not associated with ore contain a mean of 10 per cent kaolinite, while those associated with ore contain a mean of 22 per cent kaolinite.
Accompanying Alteration
Bleaching.--Several degrees of bleaching are common in continental red beds, but the phenomenon is of special interest since a high ratio of green to red coloring may be observed (Weir, 1952) in the sandstone~type uranium deposits of the Colorado Plateau. Areas of strata bleached from red to green, gray or white occur above, below, and extend laterally away from ore deposits. Intense bleaching near faults and extending laterally along porous strata may be observed at Cane Creek (Jacobs, 1963, Part IV, p.216) . Faults and associated fractures-may be bleached from a few inches to zones as much as 40 ft across. Where it may be demonstrated that bleaching is not related to sedimentation, as for example at Lisbon Valley (Jacobs, 1963) , it becomes an effective aid for ore exporation. Field observation may reveal: (1) color contacts that transversely cut across bedding, (2) crenulated and undulating contacts between bleached and unbleached strata, which lack lithologic control, and (3) unbleached remnants within bleached areas.
Bleached Permian strata exposed along the western escarpment of Big Indian Wash, on the southwest flank of the Lisbon Valley anticline, stand out in sharp contrast to the deep red, rust, and purple of adjacent strata. Where the bleached strata are truncated at a low angle by the regional Triassic-Permian unconformity, they are overlain by ore. Underground they are transected by fractures and faults. Mineralizing solutions moved up fractures and through the bleached porous strata, altering feldspar to kaolinite, producing mixed-layer clay from intestitial layer silicates, and depositing uranium and copper minerals (Jacobs, 1983 , Part II).
Bleaching of red beds results from the removal of iron oxide pigment, and necessarily involves the reduction of ferric iron to the ferrous form which may be more readily taken into solution and removed. Hydrogen sulphide has been used to reduce ferric oxide (Moulton, 1928; Keller, 1929) and is probably the most effective naturally occurring bleaching agent. (Keller, 1929, p.70) suggests hydrogen sulphide coming from decaying organic matter, sulphate reducing bacteria, or sulphide waters would reduce the ferric oxide in red beds and allow omnipresent carbonatebearing ground water to take reduced iron away in solution. The color of the bleached sediments would then result from the color of interstitial finegrained layer silicates.
Red bed bleaching indicates the existence of reducing conditions at some time after burial of the sediments and may be related to ore emplacement. The uranium ores contain reduced uranium ions and other features of a reducing environment such as decaying plant detritus and accompanying sulphide mineralization.
Carbonatization.--In many instances uranium deposits in sandstones of the Colorado Plateau are found in geologic sections which contain limestones somewhere below the ore, while strata above the ore contain little or no carbonate. Under such circumstances a large carbonate content in a uranium deposit is likely to have been derived from solutions which passed through limestone strata while migrating upward. The acceptability of this general proposition is apparent, yet common calcite is so ubiquitous in occurrence and so likely to be transported and deposited by ordinary meteoric waters that the carbonate occurrences which may be considered significant from the standpoint of origin are limited.
Siderite and dolomite masses at Temple Mountain, Utah, fill interstices and replace grains of aeolian quartz-bearing Wingate Sandstone in strata associated with and extending above uranium deposits .
In strata associated with several small uranium deposits on the western side of the San Rafael Swell, Utah, clusters of dolomite nodules occur in shale and siltstone. The Conrad mine, the Lucky Strike mine and the Green Dragon mine exhibit this feature (Abdel-Gawad and Kerr, 1963) . The dolomite nodules range from a fraction of an inch to several feet in diameter and in a number of instances form vertical columns of elliptical masses along fractures where carbonate-bearing solutions have migrated upward. A pattern of vertical carbonate-silica veins lies north of Molly's Castle in the Green River Desert east of the Magor mine of the San Rafael Swell. While uranium deposition has not been directly connected with these veins, the entire fracture pattern trends almost directly westward toward the nearby Magor mine.
North of Cameron, Arizona, an occurrence known as Tuba Dike is worthy of note (Barrington and Kerr, 1962) . Here a long vertical monchiquitedike penetrates the Moenave Member of the Wingate Formation which is largely carbonate free. At two sites in close proximity to the dike, carbonate plugs penetrate the sandstone. The nearest carbonate strata would be in the Kaibab limestone about 1000 ft below. The Cameron uranium deposits in sedimentary strata several miles south add interest to this occurrence.
Carbonate masses may be observed in the vertical chimney-like form of the Orphan mine, located on the premises of the Grand Canyon Inn, near the center of Grand Canyon National Park, Arizona. Here, strata of the Kaibab Limestone occur above, and the Redwall Limestone occurs some distance below. The Kaibab is separated, however, by a large thickness of Coconino Sandstone, whereas the pipe appears to be a structure which continues downward. It seems likely that the carbonate masses were at least in part derived from below. It should be added that the pipe also exhibits extensive argillic alteration.
Uranium is found extensively distributed through limestone strata in only one western area, where deposits occur in the Todilto Formation near Grants, New Mexico. Here uraninite has replaced the limestone. Pipe-like structures may be observed in sandstone and siltstone strata above the Todilto, which are in places rich in carbonate. These indicate that solutions probably migrated upwards through the Todilto. One such structure, the Woodrow pipe near Laguna, New Mexico, is uranium-bearing.
Silicification.--Silicified masses in association with uranium deposits may be observed in scattered localities on the Colorado Plateau, although in general plateau sediments may be described as non-silicified. One form of silicification, the replacement of wood in fossil tree trunks by masses of chalcedony and opal, as observed in the Painted Desert and Petrified Forest areas of northern Arizona is entirely supergene and not connected with the origin of uranium deposits. Elsewhere, several forms of silicification do appear to be related to uranium deposition. These occur as silicified masses accumulated along fault lines, replacement and recementation of porous sandstone strata adjoining uranium deposits, and silica plugs in sandstone or siltstone.
Several prominent silicified masses occur along the Lisbon Valley fault near the Big Indian Wash uranium area. One of these, about 50 ft in diameter and 30 ff high, crops out just south of the Big Indian copper mine (Jacobs and Kerr, 1963) . In addition, the Burro Canyon sandstone on the hanging wall side of the Lisbon Valley fault, as exposed in the North Alice uranium workings, is highly silicified. Sheet-like lenses of red chalcedony may be found on the erosional surface between the Permian and Triassic in the North Alice mine on the Lisbon Valley fault (Jacobs, 1963, pp.18-19; Loring, 1958) , and a bed of chert about 6 in. thick has been observed in the Permian Cutler on the Big Indian Wash escarpment east of the Ike uranium mine. Such lenses could possibly be of sedimentary origin, but are worthy of note in view of the intense silicification of the nearby fault zone.
Direct association of silicification and uranium mineralization in plateau strata may be observed in the Magor mine, the Green Dragon mine and the Lucky Strike mine on the San Rafael Swell. Here masses of fine quartz and chalcedony have accumulated along the bases of the ore bodies, and in places have been impregnated with uraninite to the extent that mining has taken place. Argillic alteration, carbonate introduction, silicification, and uranium emplacement appear to have formed a sequence (Abdel-Gawad and .
Silica plugs with associated radioactivity have also been observed on the Kaibab Plateau east of Grand Canyon National Park near the elbow of the Little Colorado River west of Cameron, Arizona. These silicified masses protrude from fiat lying Moenkopi strata (Barrington and Kerr, 1963) . Intensive silicification of Navajo Sandstone has also occurred adjacent to the breccia pipe of Black Peak in the area north of Cameron (Barrington and Kerr, 1961) .
Miniature silica pipes which resemble tree trunks protrude above a diabase still buried several feet below the surface in Brushy Basin Shale near the Woodrow mine on the Laguna Reservation, New Mexico. The pipes are vertical, range from a few inches to a foot in diameter, and extend upward along joint intersections. Cores of chalcedony and in some instances opal occupy the centers of the pipe-like form.
In the South Laguna area, New Mexico, near highway 66 west of Mesita, a pipe with a quartzitic core may be observed. A circular pipe-like form in Summerville Shale has been largely silicified to quartzite. The silicification may be attributed to thermal solutions associated with a diabase sill, The extent to which uranium deposition is connected with the silicification is yet to be determined, but evidence of the igneous influence in silicification is strong.
CONCLUSIONS
Certain factors determine the nature of hydrothermai alteration of igneous wall rock of a vein-type deposit, whether mineralized by uranium or "base metals". The assemblage of alteration minerals is determined by the primary minerals of the host rock and the chemistry of the mineralizing solutions. Primary rock-forming minerals generally exhibit susceptibility to alteration in the following order: (1) augite and hornblende, (2) plagioclase, (3) biotite, (4) orthoclase, (5) quartz; and their relative stability with progressive chemical changes produces zones of differingalteration intensity. A less distinct sequence of clay minerals results, because stability ranges of the clay minerals overlap. Commonly, the most intensely altered zones are illitic, sericitic, and silicified, and may be followed by kaolinite, illite, and montmorillonite in an argillic phase outward toward less altered rock. Incipient alteration is marked by the changes which happen to individual minerals, in which an adequate amount remains for identification. More advanced phases are characterized by total alteration or replacement of primary minerals, and extensive distribution of clay minerals.
In sedimentary strata of the Colorado Plateau, argillic alteration along with bleaching, carbonatization, and silicification occur associated with uranium deposits. Fault zones and areas of more intensive alteration in sedimentary strata, contain clay mineral assemblages which are similar to those found in altered wall rock of igneous terrain. The kaolinite (with dickite in certain occurrences) and hydrous mica clay (illite) association, resulting from alteration of feldspathic, and micaceous minerals, found in fault zones along the Lisbon Valley-Cane Creek anticlinal trend, is a good example. Similarly, abundant kaolinite and illite with the higher temperature 2M 1 mica polymorph occur near collapse features at Temple Mountain. In strata further from Solution conduits, massive carbonate replacement of matrix materials, as in the Wingate Sandstone at Temple Mountain, is associated with uranium mineralization. Corrosion of detrital grains, such as the hollow shells resulting from partial solution of detrital sanidine in Morrison sandstone in the Ambrosia mining district, provides still another alteration process revealed by the host rocks of uranium deposits. Substitution and leaching effects in fine layer silicates have produced vanadium clays associated with ores in Chinle and Morrison strata. The distribution of these alteration effects relative to ore bodies and solution conduits such as faults, breccia pipes, or collapse features, aids in their distinction from depositional, diagenetic, and supergene mineralizing processes.
